Alzheimer's disease (AD) is the most common reason for elderly dementia in the world. We proposed that memory loss in AD is related to destabilization of mushroom postsynaptic spines involved in long-term memory storage. We demonstrated previously that stromal interaction molecule 2 (STIM2)-regulated neuronal store-operated calcium entry (nSOC) in postsynaptic spines play a key role in stability of mushroom spines by maintaining activity of synaptic Ca 
Introduction
Alzheimer's disease (AD) is the most common reason for elderly dementia in the world, but the causes for AD remain poorly understood and effective therapy for AD has not yet been developed. Memory loss in AD results from "synaptic failure" (Selkoe, 2002; Koffie et al., 2011; Tu et al., 2014) . There are three morphological groups of dendritic spines: mushroom, stubby, and thin spines (Kasai et al., 2003; Bourne and Harris, 2008) . It has been proposed that mushroom spines are stable "memory spines" that make functionally stronger synapses and therefore responsible for memory storage (Bourne and Harris, 2007) . We and others proposed previously that mushroom spines are eliminated strongly in AD and that loss of mushroom spines may underlie cognitive decline during the progression of the disease (Tackenberg et al., 2009; Popugaeva et al., 2012; Popugaeva and Bezprozvanny, 2013 ). However, cell biological mechanisms responsible for loss of mushroom spines in AD are poorly understood.
In a recent study, we demonstrated that neuronal storeoperated calcium entry (nSOC) in postsynaptic spines play a key role in stability of mushroom spines . We further demonstrated that synaptic nSOC is controlled by stromal interaction molecule 2 (STIM2) and that the STIM2-nSOC pathway is downregulated in hippocampal neurons from the mutant mice containing M146V familial AD mutation in presenilin 1 (PS1-M146V KI; . Moreover, we have demonstrated that expression of STIM2 protein rescues synaptic nSOC and mushroom spine loss in PS1-M146V KI hippocampal neurons . Our results also indicated that impairment in the STIM2-nSOC pathway may play a role in synaptic loss in sporadic AD and aging .
Synaptotoxic effects of ␤-amyloid 42 (A␤ 42 ) peptides are believed to be one of the key components of pathogenic process in AD (Koffie et al., 2011; Mucke and Selkoe, 2012; Tu et al., 2014) . However, the PS1-M146V KI mice do not express human amyloid precursor protein (APP) and do not generate human A␤ 42 . What are the cell biological mechanisms responsible for A␤-induced synaptic loss? To answer this question, we investigated the importance of the STIM2-nSOC pathway in conditions of amyloid toxicity. In these experiments, we took advantage of a recently developed APP knock-in (APPKI) model of AD (Saito et al., 2014) . Similar to PS1-M146V KI mice, we observed loss of mushroom spines and reduction in the STIM2-nSOC pathway in APPKI neurons. We also discovered that overexpression of STIM2 protein prevents loss of mushroom spines in APPKI neurons. Based on these results, we concluded that downregulation of the STIM2-mediated nSOC pathway is a common mechanism of synaptic loss in AD and that modulators/activators of this pathway may have a potential therapeutic value for treatment of memory loss in AD.
Materials and Methods
Animals. APPKI mice were described recently as APP NL-F KI (Saito et al., 2014) . Wild-type (WT) mice of the same strain (C57BL/6) were used in control experiments. APPKIGFP mice were generated by crossing APPKI mice with line-M GFP (C57BL/6 strain) mice (Feng et al., 2000) . The APPKI and APPKIGFP colonies were established and housed in a vivarium (four per cage) with a 12 h light/dark cycle at the University of Texas Southwestern Medical Center barrier facility. All procedures involving mice were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center at Dallas, in accord with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals. The mice of either sex were used as a source of hippocampal neurons and brain slice experiments.
Dendritic spine analysis in primary hippocampal neural cultures. The hippocampal cultures of APPKI and WT mice were established from postnatal day 0 -1 pups and maintained in culture as we described previously (Zhang et al., 2010) . For assessment of synapse morphology, hippocampal cultures were transfected with tdTomato plasmid at DIV7 using the calcium phosphate method and fixed (4% formaldehyde and 4% sucrose in PBS, pH 7.4) at DIV15-DIV16. A Z-stack of optical section was captured using 100ϫ objective with a confocal microscope (Carl Zeiss Axiovert 100M with LSM510). Sixteen to 20 cultured neurons from three batches of cultures were used for quantitative analysis per genotype. Quantitative analysis for dendritic spines was performed by using NeuronStudio software package (Rodriguez et al., 2008) . To classify the shape of neuronal spines in culture, we adapted an algorithm from a published method (Rodriguez et al., 2008) . For classification of spine shapes, we used the following cutoff values: aspect ratio for thin spines (AR_thin (crit) ), 2.5; head/neck ratio (HNR (crit) ), 1.4; and head diameter (HD (crit) ), 0.5 m. These values were defined and calculated exactly as described previously (Rodriguez et al., 2008) .
Dendritic spine analysis in mice hippocampus. To analyze the shape of the spines in mice hippocampus, we used WTGFP and APPKIGFP mice. Mice of different ages and genotypes (as indicated) were perfused intracardially with ice-cold 4% paraformaldehyde (PFA) solution in 30 ml of phosphate buffer, pH 7.4, for 3 min. The brains were extracted and postfixed in 4% PFA solutions for 16 h before cutting. Hippocampal sections (50 m) from the fixed brains were obtained using a vibratome (Leica 1200S). A Z-stack of optical section was captured using 100ϫ objective with a confocal microscope (Carl Zeiss Axiovert 100M with LSM510). The Z interval was 0.5 m. The apical dendrites of hippocampal CA1 pyramidal neurons were selected for taking images. Approximately 20 -28 neurons from three to six mice of either sex were analyzed for each genotype and age sample. To classify the shape of neuronal spines in slices, we also used NeuronStudio software package and an algorithm (Rodriguez et al., 2008) with the following cutoff values: AR_thin (crit) , 2.5; HNR (crit) , 1.4; and HD (crit) , 0.5 m.
A␤ oligomers toxicity experiment. A␤ was purchased from California Peptide. A␤ 42 -derived diffusible ligands (ADDLs) were prepared by following a previously published protocol (De Felice et al., 2007) . Briefly, A␤ was prepared in aliquots as a dried hexafluoro-2-propanol film and stored at Ϫ80°C. The peptide film was dissolved in undiluted, sterile Me 2 SO to make a 5 mM solution. The solution was diluted to 100 M with Ham's F-12 medium without glutamine (BioSource) and aged overnight at 4°C. The preparation was centrifuged at 14,000 ϫ g for 10 min at 4°C to remove insoluble aggregates (protofibrils and fibrils). The supernatant containing soluble A␤ 42 ADDL was added to DIV15 WT hippocampal culture for 48 h, and then cells were fixed for analysis. Concentration of ADDLs was estimated based on starting amount of A␤ 42 peptides.
A␤ 40 and A␤ 42 measurements in hippocampal culture medium. The hippocampal culture medium was collected at DIV15, and A␤ 40 and A␤ 42 concentrations were measured by Invitrogen ELISA kit (KHB3481 and KHB3441) by following the instructions of the manufacturer.
Fura-2 Ca 2ϩ imaging experiments. Fura-2 Ca 2ϩ imaging experiments with cultured DIV15-DIV16 hippocampal neurons were performed as described previously (Zhang et al., 2010) . Fura-2 340 nm/380 nm ratio images were collected using a DeltaRAM-X illuminator, Evolve camera, and IMAGEMASTER PRO software (all from Photon Technology International). The entire cell somas were set as the region of interest (ROI) for image analysis. In ionomycin (IO) pool experiments, the cells were treated with 5 M IO addition after 30 s incubation in Ca 2ϩ -free media. In nSOC experiments, the neurons were moved from artificial CSF (aCSF; in mM: 140 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 10 HEPES, pH 7.3) to calcium-free aCSF with addition of 0.4 mM EGTA and 1 M thapsigargin (Tg) for 30 min and then returned to aCSF with 1 M TTX, 50 M AP-5, 10 M CNQX, and 50 M nifedipine. The maximal amplitude (peak) of nSOC-mediated Ca 2ϩ increase was determined from fura-2 340 nm/380 nm ratio. All Ca 2ϩ imaging experiments were performed at room temperature.
GCamp5.3 Ca 2ϩ imaging experiments. GCamp5.3 imaging experiments were performed as we reported previously . Briefly, cultured WT and KI hippocampal neurons were transfected with GCamp5.3 expression plasmid using the calcium phosphate transfection method at DIV7. The GCamp5.3 fluorescent images were collected using Olympus IX70 inverted epifluorescence microscope equipped with a 60ϫ lens, Cascade 650 digital camera (Roper Scientific), and Prior Lumen 200 illuminator. The experiments were controlled by the MetaFluor image acquisition software package (Universal Imaging). To measure synaptic nSOC, the neurons were moved from aCSF to calcium-free media with 0.4 mM EGTA and 1 M Tg for 30 min; after recording basal fluorescent signals in Ca 2ϩ -free media for 30 s, 100 M (RS)-3,5-dihydroxyphenylglycine (DHPG) in calcium-free aCSF was added and, 50 s later, the neurons were returned to aCSF with the addition of Ca 2ϩ channels inhibitor mixture (1 M TTX, 50 M AP-5, 10 M CNQX, and 50 M nifedipine). Analysis of the data was performed using NIH ImageJ software. The ROI used in the image analysis was chosen to correspond to spines. All Ca 2ϩ imaging experiments were done in room temperature. Western blot analysis. DIV15 hippocampal neuron culture lysates were separated by SDS-PAGE and analyzed by Western blotting with anti-STIM1 polyclonal antibody (1:500; 4916s; Cell Signaling Technology), anti-STIM2 polyclonal antibody (1:500; 4917s; Cell Signaling Technology), anti-phospho-Ca 2ϩ /calmodulin kinase II (CaMKII; 1:1000; 3361s; Cell Signaling Technology), anti-CaMKII (1:1000; MAB8699; Millipore Bioscience Research Reagents), anti-postsynaptic density 95 (PSD95; 1:1000; 3450s; Cell Signaling Technology), and anti-GAPDH (1:1000; MAB374; Millipore). HRP-conjugated anti-rabbit and anti-mouse secondary antibodies (115-035-146 and 111-035-144) were from Jackson ImmunoResearch. Analysis of the data from three batches of cultures was performed using Quantity One software. The mean density of each band was normalized to GAPDH signal in the same sample and averaged.
Stereotaxic injection. Preparation of AAV2/1CMVSTIM2WT-Thr-GFP (AAV-STIM2) and AAV2/1CMV-NLS-GFP (AAV-GFP) viruses was described previously . For bilateral hippocampus stereotaxic injections, the Hamilton injection syringes were positioned at a 10°angle on both sides with the following injection coordinates (from bregma): anteroposterior, Ϫ2.0 mm; lateral, ϩ2.6 mm; and dorsoventral, Ϫ1.9 mm. In these experiments, 4 l of virus stocks was injected on each side. The mice were injected at 8 weeks of age and analyzed at 6 months of age. In each group, six mice of either sex were injected, and four to five neurons from each mice were analyzed for each group. In WTGFP mice injected with AAV-GFP virus, only three mice survived, so three mice were used for the analysis in this group, with seven to eight neurons from each mice analyzed.
Statistical analyses. The results are presented as mean Ϯ SEM. Statistical comparisons of results obtained in experiments were performed by Student's t test for two-group comparisons and one-way or two-way ANOVA, followed by Tukey's test for multiple comparisons among more than two groups. The p values are indicated in the text and figure legends as appropriate. The statistical analysis was performed, with n indicating the number of independent neurons or spines analyzed. To validate this analysis method, a pilot statistical analysis of the data was performed using a hierarchical linear model. It was determined that mice-to-mice variability in mushroom spine fraction is only ϳ 1 ⁄10 of cell-to-cell variability. Because variability between mice is not significant, we concluded that it is statistically correct to treat each cell as independent measurement and apply simple t test to the analysis of mushroom spine fraction.
Results

Loss of mushroom spines in APPKI hippocampal neurons
In a previous study, we reported loss of mushroom spines in PS1-M146V KI neurons . To analyze the stability of synaptic spines in conditions of amyloid toxicity, we took an advantage of the recently generated APPKI model of AD (Saito et al., 2014) . When compared with widely used APP transgenic mouse lines, in APPKI mice, expression of mutant APP gene [Swedish (KM670/671NL) and Beyreuther/Iberian (I716F) mutations] is under control of the endogenous promoter, resulting in physiological expression of APP and overproduction of A␤ 42 and more faithful recapitulation of pathological features of human AD, although putting the two independent FAD mutations together may potentially exert unexpected effects as has been discussed previously (Saito et al., 2014) . To study the morphology of hippocampal spines in APPKI mice, we used the same approach as in our previous studies with PS1-M146V KI mice Zhang et al., 2015) . In these experiments, WT and APPKI primary hippocampal cultures were transfected with tdTomato plasmid, fixed at DIV15-DIV16, and analyzed by confocal imaging (Fig. 1A) . The obtained confocal images were used to quantify the density and morphology of the spines by using an automated scoring procedure (Rodriguez et al., 2008). As a result of this analysis, we observed no significant difference in total spine density between WT and APPKI cultures (Fig. 1B) . However, we observed a significant reduction in the fraction of the mushroom spines in the APPKI cultures. On average, the fraction of mushroom spines was equal to 27.5 Ϯ 1.0% (n ϭ 16) for WT cultures and 17.5 Ϯ 1.2% (n ϭ 19; p Ͻ 0.001) for APPKI cultures (Fig. 1B) . The fractions of stubby and thin spines was proportionally elevated in APPKI cultures (Fig. 1B) .
To confirm these findings in vivo, we crossed APPKI mice with line-M GFP mice (Feng et al., 2000) to generate APPKIGFP mice. Line-M GFP mice (WTGFP) were used as a control in these experiments. We prepared hippocampal brain slices from WTGFP and APPKIGFP mice at 3 and 6 months of age and collected confocal images of the spines in the secondary apical dendrites of hippocampal CA1 neurons (Fig. 1C,E) . Spine shapes and densities were determined from these images by using an automated scoring procedure (Rodriguez et al., 2008) . The total spine density was similar in 3-month-old WTGFP and APPKIGFP slices ( Fig. 1D ). At 3 months of age, the average fraction of mushroom spines was equal to 26.0 Ϯ 1.5% (n ϭ 21) for WTGFP slices and 21.4 Ϯ 0.9% (n ϭ 21; p Ͻ 0.05) for APPKIGFP slices (Fig. 1D ). The fraction of thin spines was proportionally elevated in APPKIGFP slices (Fig. 1D ). The total spine density was significantly increased in 6-month-old APPKIGFP slices (Fig. 1F ). The average fraction of mushroom spines increased to 35.6 Ϯ 1.3% (n ϭ 25) in WTGFP 6-month-old slices (Fig. 1F ). In contrast, the average fraction of mushroom spines remained at 22.0 Ϯ 1.0% (n ϭ 25; p Ͻ 0.001; Fig. 1F ) in 6-month-old APPKIGFP slices (Fig. 1F ). The fractions of both stubby and thin spines were proportionally increased in 6-month-old APPKIGFP slices (Fig. 1F ).
Both in vitro ( Fig. 1 A, B ) and in vivo ( Fig. 1C-F ) analyses suggest that mushroom spines are lost in aging APPKI hippocampal neurons. This conclusion is similar to our previous analysis of PS1-M146V KI hippocampal neurons . Interestingly, in PS1-M146V KI neurons, loss of mushroom spines was compensated primarily by an increase in thin spines , but, in APPKI neurons, it is compensated by an increase in both thin and stubby spines (Fig. 1) . Consistent with our findings with APPKI mice, fraction of mushroom spines was reduced significantly and the fraction of stubby spines was increased significantly in hippocampal slice cultures from APP SDL transgenic mice (Tackenberg and Brandt, 2009 ).
Extracellular A␤ 42 causes mushroom spine loss in APPKI hippocampal neurons
What causes mushroom spine loss in APPKI neurons? The APPKI neurons generate A␤ 42 inside the cells and also release it to the extracellular media. To determine whether extracellular A␤ 42 can lead to loss of mushroom spines, we evaluated effects of synthetic A␤ 42 . In these experiments, A␤ 42 ADDLs were prepared by following previously published protocols (De Felice et al., 2007) . Hippocampal neurons from WT mice were transfected with tdTomato plasmid and challenged by 1 or 5 M A␤ 42 ADDLs at DIV15. After 48 h exposure to A␤ 42 ADDLs, neurons were fixed and spine shapes were analyzed by confocal images ( Fig. 2A) . In these experiments, we discovered that application of A␤ 42 ADDLs causes dose-dependent loss of mushroom spines in hippocampal neurons (Fig. 2B) , consistent with the extracellular mode of action of A␤ 42 .
To further understand the reasons for mushroom spine loss in APPKI neurons, we quantified amounts of A␤ 40 and A␤ 42 in the neuronal culture media. By using ELISA, we determined that the levels of A␤ 40 in the DIV15 culture media are equal to 58 Ϯ 10 pg/ml (n ϭ 2), and those of A␤ 42 are equal to 1657 Ϯ 158 pg/ml (n ϭ 2; Fig. 2C ). These results are consistent with the previous description of APPKI mice (Saito et al., 2014) . In contrast to APPKI cultures, the levels of A␤ 42 in WT DIV15 media are equal to only 70 Ϯ 30 pg/ml (n ϭ 2; Fig. 2C ). To discriminate between intracellular and extracellular actions of A␤ 42 , we exchanged the media between WT and APPKI neurons on a daily basis starting at DIV7. In ELISA experiments, we determined that, after 8 d of media exchange (by DIV15), the levels of A␤ 42 were equal to 987 Ϯ 143 pg/ml (n ϭ 2) for the WT cultures with APPKI media (WT ϩ APPm) and 175 Ϯ 12 pg/ml (n ϭ 2) for the APPKI cultures with WT media (APP ϩ WTm; Fig. 2C ).
Hippocampal neurons from different groups were transfected with tdTomato plasmid, fixed at DIV15, and analyzed by confocal microscopy (Fig. 2D) . Consistent with previous results (Fig.  1A) , we determined that the fraction of mushroom spines in these experiments was equal to 32 Ϯ 1% (n ϭ 20) for WT cultures and 17.2 Ϯ 1.2% (n ϭ 19; p Ͻ 0.001) for APPKI cultures (Fig. 2E) . The fraction of mushroom spines in WT ϩ APPm was reduced to 20 Ϯ 1% (n ϭ 20; p Ͻ 0.001; Fig. 2E ). In contrast, the fraction of mushroom spines in APP ϩ WTm was equal to 35 Ϯ 2% (n ϭ 20), not significantly different from WT cultures (Fig. 2E) . These results suggested that the accumulation of extracellular A␤ 42 is both necessary and sufficient to induce mushroom spine loss in cultured hippocampal neurons.
Impairment of the STIM2-nSOC-CaMKII pathway in APPKI hippocampal spines
In our recent studies, we discovered that nSOC plays a key role in supporting stability of mushroom postsynaptic spines in hippocampal neurons . In the same study, we demonstrated that synaptic nSOC is controlled by STIM2 and that the STIM2-nSOC pathway is downregulated in PS1-M146V KI hippocampal neurons . Does loss of mushroom spines in APPKI hippocampal neurons also involve impairment of the STIM2-nSOC pathway? Endoplasmic reticulum (ER) Ca 2ϩ levels play a key role in control of SOC pathway activity. In initial series of experiments, we evaluated ER Ca 2ϩ levels in APPKI neurons. In these experiments, DIV15-DIV16 APPKI and WT hippocampal neuronal cultures were loaded with fura-2 Ca 2ϩ imaging dye, transferred to Ca 2ϩ -free media for 30 s, and challenged with Ca 2ϩ ionophore IO. Application of IO resulted in Ca 2ϩ release from the ER stores in WT and APPKI neurons (Fig. 3A) . By integrating the area under the fura-2 signal curve, we estimated that the average IO-sensitive Ca 2ϩ pool size was equal to 7.6 Ϯ 0.5 A.U. (n ϭ 105) in WT neurons and 10.3 Ϯ 0.9 A.U. (n ϭ 88; p Ͻ 0.01) in APPKI neurons (Fig. 3A) . Thus, ER Ca 2ϩ levels appear to be elevated significantly in APPKI neurons. In the next series of experiments, we evaluated nSOC in soma of WT and APPKI neurons. In these experiments, DIV15-DIV16 APPKI and WT hippocampal neuronal cultures were loaded with fura-2 Figure 1 . Loss of mushroom spines in APPKI hippocampal neurons. A, Confocal images of WT or APPKI DIV15 primary hippocampal neurons transfected with tdTomato. Scale bars, 10 m. B, Total spine density and a fraction of various spine types (M, mushroom; S, stubby; T, thin) in hippocampal neuronal cultures from DIV15 WT and APPKI mice. The data are shown as mean Ϯ SE (n Ն 16 neurons from 3 batches of cultures). C, E, Confocal images of CA1 hippocampal neurons from 3-month-old (C) and 6-month-old (E) WTGFP and APPKIGFP mice. Scale bars, 10 m. D, F, Total spine density and a fraction of various spine types (M, mushroom; S, stubby; T, thin) in hippocampal neurons from 3-month-old (D) and 6-month-old (F ) WTGFP and APPKIGFP mice. The data are shown as mean Ϯ SE (n Ն 21 neurons, 3 month data from 3 mice of each group, 6 month data from 5 mice of each group). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. and transferred to Ca 2ϩ -free media containing 1 M sarco/endoplasmic reticulum Ca 2ϩ -ATPase pump inhibitor Tg. After depletion of ER Ca 2ϩ stores, the cultures were transferred to the media containing 2 mM Ca 2ϩ , and fura-2 signals representing nSOC Ca 2ϩ influx in the soma were recorded in WT and APPKI neurons (Fig. 3B) . The average peak of somatic nSOC signal was equal to 0.70 Ϯ 0.02 (n ϭ 164) for WT neurons and 0.45 Ϯ 0.03 (n ϭ 129; p Ͻ 0.001) for APPKI neurons (Fig. 3B) .
To evaluate the spine nSOC, we performed Ca 2ϩ imaging experiments with the genetically encoded Ca 2ϩ indicator GCamp5.3 (Tian et al., 2009) . In these experiments, WT and APPKI hippocampal neurons were transfected with GCamp5.3 expression plasmid at DIV7, and Ca 2ϩ imaging experiments were performed at DIV15-DIV16. GCamp5.3 fluorescence signal was used to visualize spine structures and to image changes in spine Ca 2ϩ concentration, as described previously in our studies with PS1-M146V KI neurons . ER Ca 2ϩ stores in the spines in these experiments were depleted by incubating GCamp5.3-transfected neurons in Ca 2ϩ -free media for 30 min in the presence of 1 M Tg, followed by addition of 100 M DHPG.
After store depletion, neurons were returned to the media containing 2 mM Ca 2ϩ , and spine nSOC signals were recorded as changes in GCamp5.3 fluorescence. Consistent with previous results , we observed robust nSOC signal in WT spines (Fig. 3C) . In contrast, spine nSOC signal was almost completely abolished in APPKI spines (Fig. 3C) . On average, the size of synaptic nSOC peak was equal to 4.2 Ϯ 0.4 (n ϭ 250) in WT neurons but only 0.5 Ϯ 0.1 (n ϭ 260; p Ͻ 0.001) in APPKI neurons (Fig. 3C) .
In previous studies, we discovered that the reduction in spine nSOC in PS1-M146V KI neurons can be explained by reduction in expression levels of STIM2 protein . To determine the reasons for impaired spine nSOC in APPKI neurons, we performed a series of Western blotting experiments with lysates from DIV15 WT and APPKI cultures. In these experiments, we found that the levels of STIM2 protein were reduced by 35% in APPKI cultures, but the levels of STIM1 protein were not significantly different (Fig. 3 D, E) . These results are consistent with PS1-M146V KI data , although STIM2 reduction in PS1-M146V KI neurons was more dramatic than in APPKI neurons. The levels of STIM1 were not affected in either PS1-M146V KI and APPKI cultures. Loss of mushroom spines in PS1-M146V KI cultures correlated with the loss of PSD95 protein and with reduction in the autophosphorylated (activated) form of CaMKII . Similarly, we observed 26% reduction in PSD95 levels and 54% reduction in pCaMKII levels in APPKI cultures (Fig. 3 D, E) . Also similar to PS1-M146V KI neurons, total levels of CaMKII were not significantly different between WT and APPKI cultures (Fig. 3 D, E) . The obtained results indicated that the STIM2-nSOC-CaMKII pathway is compromised in spines of both PS1-M146V KI and APPKI (Fig. 3) neurons.
Overactivation of mGluR5 causes mushroom spine loss in APPKI neurons
The reduction of spine nSOC in PS1-M146V KI neurons is attributable to impaired ER Ca 2ϩ leak function of presenilins and resulting ER Ca 2ϩ overload (Zhang et al., 2010; .
What is a reason for impaired spine nSOC in APPKI neurons? A number of Ca 2ϩ signaling pathways have been implicated in synaptotoxic effects of amyloid (Demuro et al., 2010) . It has been reported that A␤ 42 can affect activity of NR2B NMDARs (Li et al., 2011; Ferreira et al., 2012) , L-type voltage-gated calcium channels (VDCCs) (Anekonda et al., 2011; Kim and Rhim, 2011; Wang and Mattson, 2014) , and mGluR5 receptors (Renner et al., 2010; Um et al., 2013) . To determine whether overactivation of any of these pathways is responsible for mushroom spine loss in APPKI neurons, we transfected WT and APPKI hippocampal neurons with tdTomato plasmid and incubated these neurons at DIV15 in the presence of 10 M ifenprodil (inhibitor of NR2B NMDA receptors), 1 M nifedipine (inhibitor of L-type Ca 2ϩ channels), or 5 M MPEP (inhibitor of mGluR5 receptors). After overnight incubation, neurons were fixed and confocal images were obtained (Fig. 4A) . Consistent with previous results (Fig. 1) , we observed a significant reduction in the fraction of mushroom spines in control APPKI cultures when compared with WT cul- pool was calculated as the area under IO-induced fura-2 signal for each neuron. The responses were averaged across different neurons and experiments and presented as mean Ϯ SE (n Ն 88 neurons from 3 batches of cultures). **p Ͻ 0.01. B, Somatic fura-2 Ca 2ϩ signals (F 340 /F 380 ) are shown for DIV15 WT and APPKI hippocampal neurons. The neurons were incubated for 30 min in Ca 2ϩ -free media in the presence of 1 M Tg and returned to the media containing 2 mM Ca 2ϩ to trigger nSOC. Individual cell traces (gray) and average traces (red) are shown for each experimental group. The amplitude of somatic nSOC was determined for each neuron. The average somatic nSOC peak amplitude is shown as mean Ϯ SE (n Ն 129 neurons from 3 batches of cultures). ***p Ͻ 0.001. C, Synaptic GCaMP5.3 Ca 2ϩ signals (F/F 0 ) are shown for DIV15 WT and APPKI hippocampal neurons. The neurons were incubated for 30 min in Ca 2ϩ -free media in the presence of 1 M Tg and returned to the media containing 2 mM Ca 2ϩ to trigger synaptic nSOC. The neurons were challenged by 100 M DHPG 50 s before addition of 2 mM Ca 2ϩ . The average synaptic nSOC peak responses is shown as mean Ϯ SE (n Ն 250 spines from 6 batches of cultures). ***p Ͻ 0.001. D, The expression levels of STIM1, STIM2, PSD95, pCAMKII, and CAMKII proteins were analyzed by Western blotting of lysates from three different batches of WT and APPKI DIV15 hippocampal cultures. GAPDH was used as a loading control. E, Expression levels of each protein were normalized to GAPDH for every sample. These values were normalized to WT for every batch of cells. The average values are shown as mean ϮSE (n ϭ 3 batched of cultures). **p Ͻ 0.01, ***p Ͻ 0.001. tures (Fig. 4B) . On average, the fraction of mushroom spines in control APPKI neurons was equal to 18.3 Ϯ 1.1% (n ϭ 20). Incubation with the drugs had no effect on mushroom spine fraction in WT neurons (Fig. 4B) . In contrast, incubation of APPKI neurons with ifenprodil resulted in an increase in mushroom spine fraction to 25.1 Ϯ 1% (n ϭ 22; p Ͻ 0.001), and incubation of APPKI neurons with nifedipine resulted in an increase in mushroom spine fraction to 24.7 Ϯ 1.7 (n ϭ 20; p Ͻ 0.01; Fig. 4B ). Thus, inhibition of NR2B NMDARs or L-type VGCCs resulted in partial rescue of mushroom spine loss in AP-PKI neurons. Incubation of APPKI neurons with MPEP resulted in the most dramatic effect, resulting in an increase of mushroom spine fraction to 32.8 Ϯ 2.2% (n ϭ 20; p Ͻ 0.001; Fig. 4B ). Therefore, inhibition of mGluR5 receptors resulted in complete rescue of mushroom spine loss in APPKI neurons. In additional experiments, we confirmed these effects by using a novel specific mGluR5 antagonist, PF-5212391 [(4-(difluoromethoxy)-3-(pyridin-2-ylethynyl)phenyl)(5,7-dihydro-6H-pyrrolo [3,4-b] pyridin-6-yl)methanone, provided by Pfizer]. Similar to MPEP, overnight incubation with 1 M PF-5212391 resulted in complete rescue of mushroom spine loss in DIV15 APPKI neurons (data not shown). From these experiments, we concluded that A␤ 42 -induced hyperactivation of mGluR5 (Renner et al., 2010; Um et al., 2013 ) is likely to be the main reason for mushroom spine loss in APPKI neurons.
Is there a connection between mGluR5 overactivation and ER Ca 2ϩ signaling dysregulation in APPKI neurons? To answer this question, we preincubated DIV15 WT and APPKI hippocampal neuronal cultures with 5 M MPEP overnight and performed fura-2 Ca 2ϩ experiments. To measure ER Ca 2ϩ content, WT and KI cultures were transferred to Ca 2ϩ -free media for 30 s and challenged with 1 M IO, and fura-2 signal traces were recorded (Fig. 5A) . The total size of the IO-sensitive Ca 2ϩ pool for each group of cells was determined by integrating the area under the fura-2 signal curve. Consistent with previous findings (Fig. 3A) , in these experiments, we determined that the size of the IOsensitive Ca 2ϩ pool was 6.0 Ϯ 0.5 (n ϭ 92) for WT neurons and 10.9 Ϯ 0.8 (n ϭ 91; p Ͻ 0.001) for APPKI neurons (Fig. 5B) . Preincubation with MPEP reduced ER Ca 2ϩ levels in both WT and APPKI neurons. On average, after incubation with MPEP, the size of the IO-sensitive Ca 2ϩ pool was reduced to 2.0 Ϯ 0.2 (n ϭ 101; p Ͻ 0.001) in WT neurons and to 6.1 Ϯ 0.4 (n ϭ 92; p Ͻ 0.001) in APPKI neurons (Fig. 5B) .
In the next series of experiments, we measured nSOC in the soma of DIV15 WT and APPKI neurons pretreated overnight with MPEP. In these experiments, neuronal cultures were loaded with fura-2, incubated in Ca 2ϩ -free media with addition of 1 M Tg, and moved to the media containing 2 mM Ca 2ϩ . The resulting fura-2 traces (Fig. 5C ) were used to estimate the peak of somatic nSOC. Analysis of these experiments revealed that preincubation with MPEP had no significant effect on somatic nSOC in WT neurons (Fig. 5C,D) . In contrast, preincubation with MPEP increased the peak of somatic nSOC in APPKI neurons from 0.39 Ϯ 0.02 (n ϭ 77) to 0.63 Ϯ 0.02 (n ϭ 106; p Ͻ 0.001; Fig. 5D ). By taking advantage of GCaMP5.3, we also performed measurements of spine nSOC in WT and APPKI neurons preincubated overnight with MPEP (Fig. 5E) . In these experiments, we discovered that preincubation with MPEP had no effect on spine nSOC in WT neurons (Fig. 5 E, F ) . In contrast, preincubation with MPEP resulted in an increase of peak spine nSOC from 0.3 Ϯ 0.1 (n ϭ 64) to 5.8 Ϯ 0.6 (n ϭ 60; p Ͻ 0.001) in APPKI neurons (Fig. 5 E, F ) .
Importantly, the ER Ca 2ϩ pool size, peak amplitude of somatic nSOC, and peak amplitude of spine nSOC in APPKI neurons pretreated overnight with MPEP were similar to the same parameters in control WT neurons (Fig. 5 B, D,F ) . These results suggested that persistent overactivation of mGluR5 by A␤ 42 is the main reason for ER Ca 2ϩ overload and impaired somatic and synaptic nSOC in APPKI neurons.
STIM2 overexpression rescues synaptic nSOC and mushroom spine loss in APPKI hippocampal neurons
Reduction of STIM2 expression (Fig. 3 D, E ) is likely to be directly responsible for impaired synaptic nSOC in APPKI neurons. To test this hypothesis, we performed a series of rescue experiments. In these experiments, DIV7 WT and APPKI neurons were cotransfected with mouse STIM2 (mSTIM2) expression construct together with GCaMP5.3 imaging sensor. The spine nSOC amplitude was measured in DIV15 neuronal cultures by following the same procedures as described above. The peak synaptic nSOC in these experiments was equal to 5.3 Ϯ 0.6 (n ϭ 146) in control WT neurons and 0.6 Ϯ 0.2 (n ϭ 196) in control APPKI neurons (Fig. 6 A, B) . Expression of mSTIM2 had no significant effect on spine nSOC in WT neurons ( p Ͼ 0.05; Fig. 6 A, B) . In contrast, expression of mSTIM2 resulted in dramatic enhancement of spine nSOC in APPKI neurons (Fig. 6A) . On average, the spine nSOC amplitude in APPKI neurons transfected with mSTIM2 was equal to 5.2 Ϯ 0.4 (n ϭ 74; p Ͻ 0.001), that is, at the same level as for WT neurons (Fig. 6B) .
To determine whether spine nSOC rescue is sufficient to rescue mushroom spine loss, we cotransfected WT and APPKI neurons with mSTIM2 and tdTomato expression plasmids at DIV7. The cultures were fixed at DIV15, and confocal images were obtained (Fig. 7A) . Analysis of spine shapes revealed that average mushroom spine fraction in control neurons was equal to 28.5 Ϯ 1.8% (n ϭ 20) for WT neurons and 17.5 Ϯ 1.2% (n ϭ 19) for APPKI neurons (Fig. 7B) , consistent with the previous findings (Fig. 1B) . Expression of STIM2 had no effect on the fraction of mushroom spines in WT neurons but resulted in an increase in mushroom spine fraction in APPKI neurons to 35.1 Ϯ 1.5% (n ϭ 20; p Ͻ 0.001; Fig. 7B ), that is, to the same level as in WT cultures.
To further extend these findings, we infected DIV7 WT and APPKI cultures with lentiviruses encoding mSTIM2. Control cultures were infected with lentiviruses encoding nuclear targeted EGFP plasmid (GFP). The lysates from the infected cultures were collected at DIV15 and analyzed by Western blotting. As expected, infection with Lenti-mSTIM2 viruses resulted in fivefold increase in STIM2 expression levels in WT neurons and 12-fold increase in STIM2 expression levels in APPKI cultures (Fig. 7C) . Importantly, we discovered that overexpression of mSTIM2 rescued PSD95 and pCaMKII levels in APPKI neurons to the same levels as in WT neurons (Fig. 7C,D) . There was no effect of STIM2 expression on total CaMKII levels (Fig. 7C,D) .
To validate these findings in vivo, we stereotaxically injected AAV-mSTIM2 virus (S2) to the CA1 region of 2-month-old WTGFP and APPKIGFP mice. The AAV-NLS-GFP virus (GFP) was injected in control group animals. The mice were killed at 6 months of age, and hippocampal synaptic morphology was analyzed by confocal imaging (Fig. 8A) . Consistent with our previous findings (Fig. 1D) , for the mice injected with AAV-NLS-GFP virus, the fraction of mushroom spines in WTGFP mice was equal to 28.0 Ϯ 1.2% (n ϭ 23) and in APPKIGFP mice was equal 21.2 Ϯ 0.7% (n ϭ 26; p Ͻ 0.001; Fig. 8B ). Injection with AAV-mSTIM2 virus had no significant effect in WTGFP mice (Fig.  8B) . In contrast, injection with AAV-mS-TIM2 virus increased the fraction of mushroom spines to 29.6 Ϯ 1.1% (n ϭ 28) in APPKIGFP mice (Fig. 8B) , that is, to the same level as in the control group of WTGFP mice.
Discussion
Loss of mushroom spines as a cell biological marker for memory loss in AD What is a cell biological basis for memory loss in AD? It has been postulated that AD is a disease of synaptic failure (Selkoe, 2002; Koffie et al., 2011) . Long-lasting increase in synaptic strength is a basis for persistent modification of neuronal network properties and storage of memories. It has been proposed that the mushroom spines between excitatory neurons are stable memory spines that make functionally stronger synapses and are therefore responsible for memory storage (Bourne and Harris, 2007) . We and others proposed previously that loss of mushroom spines may underlie cognitive decline during the progression of AD (Tackenberg et al., 2009; Popugaeva et al., 2012; Popugaeva and Bezprozvanny, 2013) . Recent experimental evidence in several cellular and animal models of AD provided support to this hypothesis. The fraction of mushroom spines was significantly reduced in hippocampal slice cultures from APP SDL transgenic mice (Tackenberg and Brandt, 2009 ). Loss of mushroom spines was observed after direct application of synthetic A␤ 42 ADDLs to WT hippocampal cultures (Fig. 2 A, B) or after direct injections of A␤ 42 ADDLs to the hippocampus of WT mice (E. Popugaeva, E. Pchitskaya, H. Zhang, O. Vlasova, I. Bezprozvanny, unpublished observations). Anatomical analysis of spines in DU mice (APP-E693Q transgene) (Gandy et al., 2010) revealed significant shrinkage in PSD of mushroom spine synapses at 12 months of age (Price et al., 2014) . In the present study, we observed a significant reduction in the fraction of mushroom spines in neuronal cultures and 6-month-old slices from the recently generated APPKI mouse model (Saito et al., 2014; Fig. 1) . Loss of mushroom spines in APPKI brains (Fig. 1) occurred earlier, and it was significantly more severe than reported for DU mice (Price et al., 2014) . Most likely, the concentration of A␤ 42 oligomers in APPKI mice brain is significantly higher than in the DU mice, lead- ing to more dramatic destabilization of mushroom spines in our experiments. Interestingly, loss of mushroom spines is not unique to amyloid toxicity models. In a recent study, we observed significant loss of mushroom spines in aging hippocampal neurons from the PS1-M146V KI mouse model . Thus, loss of mushroom spines appears to be a common feature of several AD animal and cellular models, in agreement with our hypothesis that loss of mushroom spines is a relevant cell biological marker for memory loss in AD (Popugaeva et al., 2012; Popugaeva and Bezprozvanny, 2013) . Notably, behavioral changes in PS1-M146V KI and APPKI mice are relatively subtle (Wang et al., 2004; Sun et al., 2005; Saito et al., 2014) , suggesting that mushroom spine loss is an early event that needs to be followed by more severe neurodegenerative changes to result in stronger behavioral phenotypes.
Dysregulation of synaptic Ca
2؉
signaling in conditions of amyloid synaptotoxicity What is the reason for mushroom spine loss in APPKI neurons? Conditional media exchange experiments suggested that the loss of mushroom spines in APPKI cultures is triggered by extracellular actions of A␤ 42 (Fig. 2C-E) . A similar conclusion was reached in experiments with direct application of synthetic A␤ 42 AD- Fig. 2 A, B) . Consistent with previous reports (Townsend et al., 2006; Jin et al., 2011) , endogenous A␤ 42 shows synaptotoxicity at a much lower concentration than synthetic A␤ 42 . Our estimate is that the concentration of A␤ 42 is ϳ0.36 nM in APPKI culture medium at DIV15 when compared with 100 nM to 1 M A␤ 42 concentration range used typically in experiments with synthetic ADDLs (Fig. 2A) . The increased toxicity of these naturally derived A␤ assemblies has been explained by their "biologically active conformation" (Townsend et al., 2006) and also might be related to the heterogeneous character of natural aggregates or to unknown posttranslational modifications absent in synthetic A␤ preparations (Benilova et al., 2012) . It is also possible that, although overall A␤ 42 concentration in APPKI culture medium is very low, the local A␤ 42 concentration at synaptic locations is significantly higher than the global concentration in the medium.
DLs to hippocampal cultures (
A number of Ca 2ϩ signaling pathways have been implicated in synaptotoxic effects of amyloid (Demuro et al., 2010) . Our results suggested that ER Ca 2ϩ levels are elevated, somatic nSOC is inhibited, and synaptic nSOC is almost completely abolished in APPKI neurons (Fig. 3) . Dysregulation of these Ca 2ϩ signaling pathways was prevented by overnight incubation of APPKI neurons with the mGluR5 inhibitor MPEP (Fig. 5) . Incubation with MPEP was also sufficient to rescue mushroom spine loss in AP-PKI neurons (Fig. 4) . Other Ca 2ϩ signaling inhibitors, such as the NR2B NMDAR inhibitor ifenprodil and the L-type VGCC inhibitor nifedipine, were significantly less effective than MPEP (Fig.  4) . However, the novel specific mGluR5 antagonist PF-5212391 was equally effective in preventing mushroom spine loss in AP-PKI cultures (data not shown).
To explain these results, we propose that activation of mGluR5 in hippocampal neurons is important for refilling of ER Ca 2ϩ stores (Fig. 9A) . In cerebellar Purkinje cells, activation of mGluR1 triggers TRPC3-mediated Ca 2ϩ influx and refilling of the ER Ca 2ϩ stores (Hartmann et al., 2014) . It has been demonstrated that activation of mGluR1/5 is necessary for refilling of ER Ca 2ϩ stores in experiments with PC12 cells (Lv et al., 2014) . We propose that a similar mechanism of mGluR5-dependent ER Ca 2ϩ store refilling also exists in hippocampal neurons (Fig. 9A ). In support of this hypothesis, overnight incubation with MPEP significantly reduced ER Ca 2ϩ levels in WT neurons (Fig. 5 A, B) . In APPKI cultures, accumulation of A␤ 42 in extracellular media caused persistent activation of mGluR5 (Renner et al., 2010; Um et al., 2013) , resulting in supernormal ER Ca 2ϩ levels (Fig. 9B ). mGluR1/5-mediated refilling of ER Ca 2ϩ stores depends primarily on STIM1 (Hartmann et al., 2014; Lv et al., 2014) and will not be affected by downregulation of STIM2 in APPKI neurons. We further reason that ER Ca 2ϩ overload in APPKI neurons leads to compensatory downregulation of STIM2 expression and synaptic nSOC, resulting in destabilization of mushroom spines in APPKI neurons (Fig. 9B) . Indeed, overnight incubation with MPEP restored somatic and synaptic nSOC to WT levels in APPKI neurons (Fig. 5) and completely rescued mushroom spine loss in APPKI neurons (Fig. 4) .
STIM2-nSOC-CaMKII pathway as a common pathway in AD pathogenesis and novel drug target
In a previous study, we demonstrated that downregulation of the synaptic STIM2-nSOC-CaMKII pathway appears to be responsible for mushroom spine loss in the PS1-M146V KI mouse model of AD . In the previous study, we reasoned that downregulation of the STIM2-nSOC pathway occurs in response to ER Ca 2ϩ overload resulting from the loss of ER Ca 2ϩ leak function of presenilins . The present results suggest that similar dysregulation of synaptic Ca 2ϩ signaling also occurs in APPKI neurons (Fig. 9B) . In this case, ER Ca 2ϩ overload occurs in response to A␤ 42 -induced superactivation of mGluR5 receptors (Fig. 9B) . Similar to PS1-M146V KI neurons, this leads to compensatory downregulation of STIM2 and synaptic nSOC, reduction in activity of synaptic CaMKII, loss of PSD95, and loss of mushroom synaptic spines (Fig. 3) . Also similar to studies with PS1-M146V KI neurons, overexpression of Figure 9 . Synaptic nSOC and loss of mushroom spines in APPKI hippocampal neurons. A, Long-term maintenance of mushroom hippocampal spines in WT neurons depends on synaptic nSOC and activity of synaptic CaMKII . Synaptic nSOC is gated by STIM2 protein that is regulated by synaptic ER Ca 2ϩ levels . Filling state of ER Ca 2ϩ stores influenced by activity of synaptic mGluR5 receptors, which are activated by extracellular glutamate (Glu). B, Accumulation of A␤ 42 in extracellular media of APPKI neurons causes supernormal and continuous activation of synaptic mGluR5 receptors (Renner et al., 2010; Um et al., 2013) . Resulting elevation of ER Ca 2ϩ levels causes compensatory downregulation on STIM2 expression and synaptic nSOC. Reduced synaptic nSOC causes reduction in synaptic CaMKII activity, leading to destabilization and loss of mushroom spines in APPKI neurons.
STIM2 was sufficient to rescue synaptic nSOC and restore levels of PSD95 and pCaMKII (Figs. 6, 7) . Importantly, overexpression of STIM2 also resulted in rescue of mushroom synaptic spines in APPKI hippocampal neurons in vitro and in vivo (Figs. 7, 8) . From these results, we conclude that downregulation of synaptic STIM2-nSOC-CaMKII is a common feature responsible for mushroom spine loss in presenilin and amyloid models of AD. Moreover, in a recent study, we demonstrated that downregulation of the synaptic STIM2-nSOC-CaMKII pathway occurs as a result of brain aging . We also obtained evidence that STIM2 protein is downregulated in sporadic AD human brains . Results presented in the present study and our previous one suggest that activators of the STIM2-nSOC-CaMKII pathway may offer potential therapeutic benefit for AD and aging-related memory loss.
